 (1996) and drought (1999) 
unoff from agricultural lands is the major nonpoint source of nutrients contaminating streams and lakes in the U.S. (Parry, 1998) . Nitrate−N is a principal nutrient of interest because of its high water solubility, potential for transport, and associated environmental and health concerns. A maximum contaminant level (MCL) of 10 mg nitrate−N L −1 for drinking water has been established in the U.S. (USEPA, 1982) . Excess N has been linked to accelerated eutrophication of rivers, lakes, and wetlands (Carpenter et al., 1998) . These investigators report that N input in the form of fertilizers exceeds output in agricultural produce in the U.S. and other nations. Turner and Rabalais (1994) reported a linkage between increased fertilizer N use, N load in the Mississippi River, and hypoxia in the northern Gulf of Mexico.
Best management practices (BMPs) can address improved water quality with respect to fertilizer nutrients by reducing surface runoff and sediment loss and by reducing the concentration of nutrients in these drainage waters. Surface runoff volume can be reduced by BMPs such as mulching of crop residue, maintenance of vegetated filter strips, and Mention of a trade name, proprietary product, or specific equipment does not constitute a guarantee or warranty by the USDA and does not imply approval of a product to the exclusion of others that may be suitable.
The authors are Brandon C. Grigg, ASAE Member, Soil Scientist, Lloyd M. Southwick, Research Chemist, James L. Fouss, ASAE Fellow Engineer, Supervisory Agricultural Engineer, and Ted S. Kornecki, ASAE Member Engineer, Agricultural Engineer, USDA−ARS Soil and Water Research, Baton Rouge, Louisiana. Corresponding author: Brandon C. Grigg, Soil Scientist, USDA−ARS Soil and Water Research, 4115 Gourrier Ave., Baton Rouge, LA 70808; phone: 225−578−0746; fax: 225−747−7728; e−mail: bgrigg@msa−stoneville.ars.usda.gov. conservation tillage. These measures generally reduce sediment and sediment−bound nutrient loss by reducing runoff velocity and the capacity to transport sediment (Alberts et al., 1981; Chaubey et al., 1995; Daniels and Gilliam, 1996) or by increasing infiltration and in−field storage of soluble nutrients (Kanwar et al., 1985) . Improved management of fertilizer application procedures, including formulation, rate, timing, and soil incorporation, could further reduce nutrient concentrations in runoff water. Consistent use of weather forecasts for scheduling agrochemical application (Fouss and Willis, 1994) could also reduce loss of fertilizer nutrients in runoff and leachate.
Subsurface drainage systems reduce soil water content and provide suitable soil conditions for seedbed preparation in the spring, making the best use of the available growing season. These systems are common in the Midwestern U.S. Bengtson et al. (1984a Bengtson et al. ( , 1984b Bengtson et al. ( , 1995 showed that subsurface drainage benefits corn (Zea mays L.) production in the Lower Mississippi River Valley (LMRV) by increasing infiltration and reducing total nutrient loss. However, recent reports indicate that subsurface drainage systems generally have negative environmental impacts with respect to fertilizer nutrients.
Nitrate concentrations in subsurface drainage effluent have often exceeded the MCL (Bergström, 1987; Bjorneberg et al., 1996; Bottcher et al., 1981; Drury et al., 1993; Patni et al., 1996; Randall et al., 1997) . Gilliam and Skaggs (1986) showed that nitrate losses with a subsurface drainage system were up to ten times that of surface drainage alone. Thomas et al. (1992) concluded that subsurface drainage systems, including controlled drainage, increased the transport of soluble nitrate to surface receiving waters, even though subsurface drainage reduced sediment transport and loss of sediment−borne nutrients. Moreover, the majority of annual nitrate−N loss through subsurface drainage may occur during periods of non−crop production (Bjorneberg et al., 1996; Drury et al., 1996) . During this period between crop seasons, subsurface drainage systems are typically unmanaged. Although subsurface drainage systems have generally had a net negative environmental impact, they have increased infiltration of rainwater and reduced both runoff and associated sediment and agrochemical transport (Bengtson et. al., 1995; Skaggs et al., 1994; Thomas et al., 1992) .
In the LMRV region, rainfall often exceeds 1600 mm annually. In Louisiana, 60% of cropland is surface drained, but only 1% of this cropland is drained via subsurface drainage systems (USDA−ERS, 1987) . A large proportion of LMRV soils are alluvial in nature. Many of these alluvial soils are poorly drained, a result of a slowly conductive surface soil (approximately 20 to 30 cm deep) as reported by Rogers et al. (1985) for the Commerce series (Aeric Fluvaquents). Significant runoff, poorly drained soils, and shallow water tables result in a high potential for fertilizer nutrient transport to nearby receiving waters from runoff water leaving LMRV agricultural fields. While these conditions are typical of this region, the LMRV has recently experienced prolonged periods of drought.
Between 1998 and 2001, southern Louisiana and much of the LMRV have experienced periods of drought ( fig. 1 ) during the growing season. During these drought periods, decreased rainfall and runoff reduced water supplied to streams, bayous, and lakes adjacent to agricultural lands. Golladay and Battle (2002) reported that drought in the coastal plain of southwestern Georgia disrupted the runoff from agricultural/forested floodplains to adjacent surface waters, with significant impact on the water/nutrient balance and aquatic life. As a result of the drought conditions in the LMRV, we were able to evaluate the impacts of climate (rainfall) and drainage−management interactions on soluble nitrate loss to surface receiving waters that are prevalent in this region.
MATERIALS AND METHODS
The impacts of two rainfall regimes, 1996 (normal) and 1999 (drought), were observed on surface runoff, subsurface drainage (leachate), and the nitrate transported in both runoff and leachate. In each year, observations began on April 1 and continued through the following March 31 (365 d). The soil is a Commerce silt loam (fine−silty, mixed, non−acid, thermic, Aeric Fluvaquents). The Commerce soil occurs extensively throughout the LMRV region and is found in parts of Arkansas, Louisiana, Mississippi, Missouri, and Tennessee (National Cooperative Soil Survey, 2003) . This soil is moderately to poorly drained. Infiltration of rainfall can be limited, with the surface soil (0 to 0.3 m deep) characterized by a saturated hydraulic conductivity of 0.6 to 0.7 mm h −1 , as determined by Rogers et al. (1985) . Saturated hydraulic conductivity increases with depth, from 11 mm h −1 (0.3 to 0.6 m depth) to 40 mm h −1 (1.2 to 1.5 m depth) (Rogers et al., 1985) . The fully instrumented site ( fig. 2 ) was established in 1993 and is made up of 16 hydraulically isolated plots (0.2 ha).
Each plot was isolated using both 0.3 m high berms and 1.5 m deep plastic sheeting, starting at a depth of 0.3 m to facilitate cultivation ( fig. 2 ). Plots were precision graded (0.2% slope) in the direction of the row, and surface runoff was directed through an H−flume at the downslope end of each plot. Three subsurface drain lines were installed in each plot at a depth of 1.25 m and were spaced 15 m apart. The outer two drain lines were used as buffer drains in conjunction with vertical plastic sheeting between plots; thus, drainage volume and nutrient content were measured from the center drain line only. In the case of surface drainage only (SUR), all subsurface drain lines were plugged to prevent drainage of these plots. Field instrumentation enabled automated control and recording of water table depth between drain lines, automated measurement and sampling of runoff and subsurface drainage effluent, and refrigerated on−site storage of collected water samples. Willis et al. (1991) previously reported a detailed description of the site design, layout, and field instrumentation.
Two water−management treatments were evaluated for this study, using 8 of the 16 total plots. Treatments included surface drainage only (SUR), and deep controlled drainage at a 1.1 m depth (0.15 m above the depth of the installed drainline) plus surface drainage (DCD). Controlled drainage differs from conventional (free) drainage. With controlled drainage, drainage water is not removed from the field unless the shallow water table exceeds a target depth, in this case less than 1.1 m from the soil surface. Original thoughts were that DCD would increase infiltration of rainfall. A more detailed description of the automated drainage and water table control systems was previously reported by Fouss et al. (1999a Fouss et al. ( , 1999b .
All plots were minimally tilled, with the only tillage being row formation and seedbed preparation (no deep tillage). Corn residue from the preceding cropping seasons was left in the field and was generally decomposed prior to planting. In previous studies by Bengtson et al. (1984a Bengtson et al. ( , 1984b Bengtson et al. ( , 1995 on the same soil, no attempt was made to separate the effects of subsurface drainage from deep chiseling. The research site for these previous studies was deep tilled every one to two years to a depth of 0.5 m (Bengtson et al., 1984b) . Currently, deep tillage is infrequently practiced in corn and sugarcane production in the LMRV.
Plots were planted to corn (Zea mays L.) on approximately April 1 of each year. In 1999, corn emergence was delayed by approximately 14 days, and a poor crop stand resulted. Poor emergence and stand were a result of below−normal rainfall and low antecedent soil water content. Corn yield is reported on a 15.5% moisture basis. Liquid nitrogen fertilizer (32% N, NH 3 NO 3 ) was injected below the soil surface adjacent to the crop row at a rate of 224 kg N ha −1 y −1 , based on soil analysis and fertilizer recommendations. Fertilizer N was applied (three−way split) before June 10 of each year: 25% at planting, 50% at 30 d after emergence, and the remaining 25% in early June.
Water volume [reported in mm (1 mm = 10,000 L ha −1 ) to facilitate the relationship to incident rainfall] and nitrate N loss [reported in kg ha −1 ] data are reported on both a 150 d growing season and a crop year (annual) basis, beginning with the first nitrogen fertilizer application on approximately April 1 each year. Flow−proportional samples of surface runoff and subsurface drainage effluent were collected for each storm event and refrigerated in the field and laboratory prior to analysis. Nitrate concentration in these effluent water samples was determined using Ion Chromatography (model DX−500, Dionex Corp., Sunnyvale, Cal.) and USEPA Method 300.1 (Pfaff et al., 1997) .
The experiment was established as a completely randomized design with four replications. The analysis of variance (ANOVA) procedure was used to analyze the data (Steel and Torrie, 1980) . When means were statistically different (a = 0.05), separations were accomplished using the Fisher's least significant difference (LSD) test (Steel and Torrie, 1980) . The p−value resulting from the ANOVA procedure is also reported, a p−value less than 0.05 for a given comparison was considered significant, and a p−value less than 0.01 for a given comparison was considered highly significant. The software used for statistical analysis of data was SAS v. 8 (SAS, 2001) .
RESULTS AND DISCUSSION

RAINFALL
Annual rainfall for the normal crop year ( fig. 3 ) was 1520 mm, a 1% departure from the 30−year average of 1540 mm for the area. Of this 1520 mm of rainfall, 613 mm (40% of annual rainfall) occurred during the growing season (April 1 through August 31, 41% of the year). During the drought crop year, annual rainfall was only 957 mm, a 37% departure from normal ( fig. 3) . Rainfall during the drought growing season was 418 mm, 195 mm less than normal growing season.
Although a significant portion of rainfall for the drought crop year fell during the growing season, only 4 mm occurred in the first 39 days. Moreover, rainfall during the 90 d preceding the drought growing season was over 300 mm less than the 30−year average. Thus, dry antecedent soil conditions and the lack of significant rainfall following planting contributed to poor corn emergence and overall stand. No irrigation waters were applied.
TREATMENT IMPACTS ON RUNOFF QUANTITY AND NITRATE LOSS IN RUNOFF
During both the growing season and annually, deep controlled drainage (DCD) did not impact the volume of surface runoff when compared to surface drainage only (SUR) (table 1). This finding was not impacted by rainfall climate. Likewise, DCD did not significantly impact nitrate loss in surface runoff in either climate (table 1) . While there is a trend for decreased nitrate loss in surface runoff resulting from the DCD treatment, this difference is not significant in either climate. Like surface runoff, and nitrate loss in runoff, there were no treatment impacts to corn yield (grain) in either climate regime (table 1) . These data contradict reports of similar research by Bengtson et al. (1984a Bengtson et al. ( , 1984b Bengtson et al. ( , 1995 conducted on the same soil series using routine deep tillage. We presume that the contrasting results between our study and the previous reports results from different tillage management. In the LMRV region, annual deep tillage is likely required to increase infiltration and reduce surface runoff, from these slowly permeable alluvial soils. This would be the case whether these soils are either subsurface−drained or drained via SUR as with the majority of soils of this region.
Under minimum−tillage management, the drain lines used for the DCD treatment were useful as a collection device for water and nutrients that leach below the crop root zone. The water table depth for DCD was about 0.2 m below the water table depth for SUR during both the growing season and for the crop year (table 1). We expected greater treatment impact on water table depth; however, there was minimal treatment impact, possibly a result of differing evapotranspiration (ET) between treatments. [a] The unit mm (mm = 10,000 L ha −1 ) is used to better relate the quantity of drainage waters to rainfall. [b] Comparisons are valid only between SUR and DCD within a parameter and climate.
[c] NS = not statistically significant.
We estimated ET using DRAINMOD (NCSU, 2001) . Input data for the model include climatological (rainfall from gauges on site and temperature and pan evaporation from the nearby weather station maintained by LSU), crop, and drainage system parameters. DRAINMOD also utilizes monthly potential ET adjustment factors that have been previously used in DRAINMOD simulations for this site and reported by Fouss et al. (1987) . For the crop year, calculated ET for the SUR treatment was 900 mm for the normal climate and 720 mm during drought. Calculated ET for SUR was approximately 30% greater than DCD, regardless of climate. Thus, the depth of the SUR water table was nearly as deep as that for DCD. In addition, ET was approximately 20% lower during drought. As a result, the mean water table depth for either SUR or DCD was unaffected by decreased rainfall during drought (table 1  and fig. 3 ).
CLIMATE IMPACTS ON RUNOFF, SUBSURFACE DRAINAGE/LEACHATE, AND NITRATE LOSS
During both climate periods, the mean water table was at or slightly above the drain lines (table 1). This suggests that the subsurface drains of the DCD treatment would have collected the majority of leachate and the nitrate that it carried. The zone of application and the crop root zone were generally well aerated and would have resulted in the oxidized, nitrate form of soil nitrogen. While differences in ET could have affected the volume of leachate between SUR and DCD, nitrate is highly soluble and is mobile in the soil profile even in limited leachate volume. For the remainder of the discussion, we will assume that the leachate and associated nitrate removed as subsurface drainage water was equivalent in volume and nitrate content to that moving to shallow groundwater under SUR management. Thus, we will use the DCD data to discuss climate impacts on runoff, subsurface drainage/leachate, and nitrate loss.
Runoff during the period of normal rainfall was 44% and 30% of rainfall for the growing season and crop year, respectively (table 2). In contrast, runoff under drought conditions was 9% and 8% of rainfall during these same time intervals (table 2) . Runoff was reduced during drought because incident rainfall seldom exceeded the limited infiltration capacity for the Commerce soil series. There was a corresponding decrease in soluble nitrate loss in runoff waters during drought compared to normal rainfall conditions, with soluble nitrate losses during drought at least four times lower than during the normal rainfall period (table 2) .
It is understandable that the difference between nitrate lost in runoff and subsurface drainage/leachate is pronounced (table 2). Liquid nitrogen fertilizer was injected at a depth of at least 5 cm, a common practice for this LMRV soil. At this injection depth, the nitrogen fertilizer is placed below the 1 cm deep zone of runoff−soil interaction (Ahuja, 1982; Sharpley et al., 1981) . While this shallow zone of interaction limits contact between runoff waters and our applied fertilizer−N, the infiltrating waters have a much greater potential for interacting with the applied nitrogen from fertilizer, as evidenced by substantial nitrate in subsurface drainage/leachate water when compared to runoff, particularly during drought (table 2) .
Surface runoff and associated nitrate loss, during the growing season and annually was much less when comparing drought to normal periods (table 2). Surface runoff under drought was only 15% of that observed during the normal period, for both the growing season and annually (table 2) . Nitrate lost in surface runoff declined from 5.7 kg N ha −1 y −1 under normal climate conditions to 1.4 kg N ha −1 y −1 during drought (table 2) . Annually, more nitrate was transported as subsurface drainage/leachate than in surface runoff, particularly during drought (table 2). Subsurface drainage would have increased total annual nitrate transport to receiving waters (runoff + subsurface drainage) to 14.9 and 19.4 kg N ha −1 y −1 for normal and drought rainfall periods, respectively Table 2 . Climate impacts on rainfall, drainage quantity, and nitrate loss in agricultural drainage waters. Data from the deep controlled drainage (DCD) treatment are presented for both growing season and a crop year (annual). [a] Comparisons are valid only between climates for the same parameter and observation period. [b] The unit mm (mm = 10,000 L ha −1 ) is used to better relate the quantity of drainage waters to rainfall.
[c] NS = not statistically significant. (table 2) . Total nitrate lost under subsurface drainage management was nearly three times greater than nitrate loss for surface runoff only (14.9 kg N y −1 ha −1 versus 5.7 kg N ha −1 y −1 ) during normal climate, and over ten times greater than runoff losses during drought (19.4 kg N ha −1 y −1 versus 1.4 kg N ha −1 y −1 ). Thus, regardless of climate, subsurface drainage significantly increases nitrate lost from this soil.
Leaching is generally greatest during the cool season when precipitation exceeds the rate of evaporation and transpiration by the growing crop (Stevenson and Wagner, 1970) . During the warm growing season, leaching is limited because evapotranspiration utilizes most infiltrating waters. This is evident from these data, as the volume of subsurface drainage/ leachate during the growing season (150 days) for the normal and drought climates was approximately the same (88 mm and 73 mm, respectively), although there was a considerable difference on an annual basis (529 mm and 197 mm for normal and drought climates, respectively). Leaching only occurred during intense, high−volume rainfall events, which are typical of the LMRV region. During the normal rainfall period, there were 16 leachate−sampling events during the growing season, and 49 events for the year. In contrast, there were only 8 events during the drought growing season and 15 events for the drought year.
While there was notable climate impact on annual leachate volume, the mean depth of the shallow water table during the growing season was not affected by climate, either during the growing season or annually (table 1) . During drought, grain yield was reduced (table 1) and would have been accompanied by reduced crop growth and reduced nitrogen uptake, thus a greater potential for nitrate leaching below the crop root zone and to shallow groundwater (or removed via subsurface drainage). This potential was realized, as nitrate observed in leachate waters during drought was two times greater than that observed for both the normal growing season and year (table 2) . This occurred in spite of a 17% reduction in leachate (88 mm to 73 mm, normal and drought climates, respectively) during the growing season and a 63% reduction (529 mm to 197 mm, normal and drought climates, respectively) annually (table 2) .
If subsurface drainage systems were used routinely in the LMRV, then more soluble nitrate would have been transported from agricultural fields to surface receiving waters, regardless of climate ( fig. 4) . During normal climate conditions, the addition of subsurface drainage increased nitrate transport to surface receiving waters by 160% as compared to surface runoff ( fig. 4) . During drought, subsurface drainage increased soluble nitrate losses from these soils more than ten−fold ( fig. 4) . Use of subsurface drainage systems could potentially accelerate eutrophication of receiving waters, particularly during drought, as more nitrate would be transported from these agricultural fields. Moreover, the volume of receiving surface water bodies would be reduced during drought, yet subsurface drainage would greatly increase nitrogen inputs to these bodies. In contrast, nitrate lost to surface receiving waters from SUR management was generally low, and minimal during drought.
Under minimum tillage, subsurface drainage does not reduce runoff or nutrient loss for these alluvial soils. Con− servation BMPs are needed to reduce nutrient losses and need to be tailored to the climate and agricultural systems common to the LMRV region. These measures should target rainfall infiltration and/or reduction of surface runoff volume and velocity, and they could include altered residue management and deep tillage practices (National Handbook of Conservation Practices, 2003) . Benefits of adopting these practices would likely include reduced off−field transport of fertilizer nutrients, in both soluble and sediment bound forms, and sediment loss. We are currently evaluating practices such as routine deep tillage, modified residue management, and application of soil amendments such as polyacrylamide (PAM) to improve infiltration of rainfall and reduce runoff and sediment loss from these alluvial soils.
CONCLUSION
Periods of prolonged drought during the crop growing season have occurred in recent years in the LMRV region. Climate significantly impacted surface runoff and soluble nitrate loss in runoff, with a significant decrease in nitrate loss (5.7 kg ha −1 y −1 and 1.4 kg ha −1 y −1 for normal and drought climates, respectively) during the drought climate. This decline in nitrate loss was primarily a function of decreased surface runoff (463 mm y −1 and 72 mm y −1 for normal and drought climates, respectively).
However, subsurface drainage management (if used), would have increased total annual nitrate loss by 2.6 times in the normal climate (5.7 kg ha −1 and 14.9 kg ha −1 for surface drainage only and subsurface drainage management, respectively), and over 10 times during drought (1.4 kg ha −1 and 19.4 kg ha −1 for surface drainage only and subsurface drainage management, respectively). The impact of subsurface drainage management on nutrient loss is of particular importance during drought, as the total volume of agricultural drainage (surface runoff + subsurface drainage) declined from 992 mm (normal climate) to 269 mm annually. These data indicate that subsurface drainage management would increase the potential for eutrophication in surface receiving waters, as nitrate concentration in drainage waters were four times greater during the drought climate.
When compared to surface drainage alone (surface runoff), subsurface drainage increased loss of nitrate from these agricultural fields under both climate regimes, but particularly during drought. These data indicate that under minimum tillage management, the recommended drainage practice for alluvial soils of the Lower Mississippi River Valley should be surface drainage only.
